ABSTRACT. Changes in the solid Earth at the end of the Archean fall into two categories. First are those related to cooling of the mantle and include a decrease in both komatiite abundance and MgO content, a decrease in Ni/Fe ratio in banded iron formation, and increases in incompatible element ratios (such as Nb/Yb, La/Yb, Zr/Y, La/Sm and Gd/Yb) in non-arc type basalts. A second group of changes is related to the extraction of continental crust from the mantle and stabilization of major cratons at 2.7 to 2.5 Ga. These include an increase in Nb/Th ratio and Nd (T) of non-arc basalts; significant increases in large-ion lithophile and high-field strength elements and a decrease in Sr in continental crust, which reflect a shift in magma types from TTG (tonalite-trondhjemite-granodiorite) to calc-alkaline; a prominent increase in the maximum values of ␦ 18 O of zircons from granitoids after the end of the Archean; a major peak in gold reserves is found at or near 2.7 Ga; and a peak in Re/Os depletion ages from mantle xenoliths at 2.7 Ga consistent with widespread thickening of the continental lithosphere at this time.
Although many changes have been proposed at the Archean-Proterozoic boundary, only a limited number are well documented in terms of magnitude and age (Taylor and McLennan, 1985; Condie, 2005a) . Those changes related to the atmosphere-ocean-biosphere systems will be considered in a separate paper. The changes in the solid Earth fall into two groups. The first may be related to rapid cooling of the mantle after 2.5 Ga. The second group are those changes that are related to a peak in the growth and stabilization of cratons at about 2.7 Ga. Due to the sparsity of isotopic ages in the so called "crustal age gap" at 2.4 to 2.2 Ga (Condie and others, 2009) , it is difficult to track the rate of changes between the late Archean and the early Paleoproterozoic. The significance of a crustal age gap between 2.4 and 2.2 Ga has been discussed by Condie and others (2009) in terms of a possible slowdown of planetary magmatism and plate tectonics.
It is the purpose of this study to briefly review those changes at the end of the Archean that are well documented in the solid Earth and to discuss their significance in terms of changing planetary dynamics at this time.
Changes Related to a Decrease in Mantle Temperature
Decrease in komatiite abundance.-Komatiites (ultramafic lavas) are thought to track the temperature of the mantle, and more specifically that part of the mantle from which mantle plumes arise others, 2008, 2009) . The frequency of komatiites in greenstone belts as a function of age is given in figure 1. The term greenstone is used herein to refer to basalt-dominated successions of submarine supracrustal rocks. This graph, first published in De Wit and Ashwal (1997) , has been updated based on new data from greenstone stratigraphic sections.
In this figure and some of the subsequent figures there are major gaps in data, especially at 2.4 to 2.2 and 1.5 to 0.8 Ga. The gap at 2.4 to 2.2 Ga may reflect a global slowdown in magmatism and plate tectonics as discussed by Condie and others (2009) . Hence, the scarcity of igneous rocks during this time window. Because some types of geochemical data are available for rocks between 1.5 and 0.8 Ga, the absence of data in this time interval appears to reflect the absence of published data. This does not bias the conclusions of this paper, however, in that the data gap is long after the end of the Archean.
The results in figure 1 clearly show a major drop in the percent of komatiites after 2.5 Ga. An important feature of the graph is that it shows an abrupt rather than a gradual change in komatiite frequency at the end of the Archean. The decrease does not follow the calculated gradual cooling curve of the mantle as predicted by the decay of radiogenic heat sources.
Decrease in the MgO content of komatiites.-The average MgO content of komatiites is one way to track the average eruptive temperature of the magma and of the mantle sources, which are likely mantle plumes (Arndt and others, 2008) . Each point on figure 2 is the average MgO content for komatiites from a given greenstone belt. The results show a clear decrease in the average MgO content of komatiites at the end of the Archean. A graph of maximum MgO content shows a similar decrease. As pointed out by Arndt and others (2008) , it is unlikely that komatiites with Ͼ30 percent MgO represent pure liquids, and they probably contain cumulus olivine. However, a decrease in MgO is apparent after 2500 Ma, even ignoring the sites with Ͼ30 percent MgO. As with komatiite frequency, the decrease in MgO at the end of the Archean also reflects a decrease in mantle temperatures at this time. However, the lack of komatiite data between 2400 and 2200 Ma makes it difficult to ascertain how rapidly this change occurred after 2500 Ma.
Although most data indicate that Archean komatiites crystallized from dry magmas, some investigators propose wet magmas, which do not require as high eruption temperatures as their dry counterparts (Parman and others, 2001; Grove and Parman, 2004; Arndt and others, 2008) . In either case, however, the change in MgO at the end of the Archean would reflect a drop in mantle temperature, although not as large if the magmas were wet.
Decrease in Ni/Fe ratio in banded iron formation.-As recently documented by Konhauser and others (2009) , the Ni/Fe ratio in banded iron formation decreases rather abruptly at the end of the Archean (fig. 3 ). The authors attribute this decrease to a reduced flux of Ni into the oceans as a consequence of cooling of the mantle and a corresponding decrease in the rate of eruption of komatiites. As with changes in komatiite frequency and MgO content, the drop in Ni/Fe ratio of banded iron formation attests to a probable drop in temperature of mantle sources near the end of the Archean.
Incompatible elements tracking the degree of melting.-There is a noticeable increase in incompatible element ratios such as Nb/Yb, La/Yb, Zr/Y, La/Sm and Gd/Yb in non-arc oceanic greenstone basalts at the end of the Archean (Condie, 2003 (Condie, , 2005b . This is illustrated with the Nb/Yb ratio in figure 4. Non-arc greenstones, which are identified using rock association and geochemistry, include ocean ridge, oceanic plateau and oceanic island basalts, some of which may have been erupted, at least locally, onto or near continental crust. Since we have not included data that may be caused by crustal contamination, the changes probably reflect a decrease in the degree of melting (Condie, 2005b; Pearce, 2008) in mantle sources, which implies a decrease in mantle temperature at the end of the Archean. Because of the scarcity of greenstones between about 2.4 and 2.2 Ga, the change in degree of melting cannot be closely monitored, but it occurs over a timeframe of no more than 300 My at the beginning of the Paleoproterozoic.
Changes Related to the Growth of Cratons
Incompatible elements and Nd isotopes.-The Nb/Th ratio in non-arc oceanic basalts has been used as a proxy for the growth of continental crust, assuming that continental crust has been extracted from the mantle leaving a depleted trace element signature in the residual mantle (Sylvester and others, 1997; Collerson and Kamber, 1999; Condie, 2003) . Also recording extraction of continental crust are other element ratios involving Nb such as Nb/La and Nb/Ta. The probability that at least some non-arc basalts come from mantle plume sources confirms the existence of a depleted component in plume sources, at least since 2.7 Ga (Kempton and others, 2000; Condie, 2005b) . Prior to 2.5 Ga, the Nb/Th ratio scatters around the primitive mantle value, suggesting that both slightly enriched and slightly depleted reservoirs existed in the Archean mantle (Condie, 2003) (fig. 5 ). However, only after 2.5 Ga does the depleted mantle reservoir begin to grow in volume as reflected by the increasing Nb/Th ratios. This, in turn, may reflect the widespread onset of subduction in the late Archean as discussed below. Epsilon Nd(T) values in non-arc type basalts and associated TTGs (tonalitetrondhjemite-granodiorite) also show an increase in maximum value after the end of the Archean ( fig. 6 ). Bennett (2004) explains this in terms of rapid growth of continental crust in the late Archean causing a change in Sm/Nd ratio of mantle sources.
Incompatible elements in TTGs.-As shown by Condie (2008) , significant increases in large-ion lithophile and high-field strength elements and a decrease in Sr in continental crust at the end of the Archean reflect a shift in magma series from TTG control to calc-alkaline control. The distinction between calc-alkaline and TTG suites is based on major element trends such as the K-Na-Ca graph of Martin (1993) , various silica variation diagrams, Sr content, Eu anomaly distribution, and low contents of heavy REE and Y (Condie, 2008) . The shift from TTG to calc-alkaline control is evident in element ratios such as K 2 O/Na 2 O, (La/Yb) n , Sr/Y, Th/U, Eu/Eu* and Nb/Ta (four of these ratios shown in fig. 7 ). Decreases in (La/Yb) n and Sr/Y and possibly an increase in K 2 O/Na 2 O in Paleoproterozoic upper crust reflect an increasing calcalkaline plutonic component. The drop in La/Yb reflects a decrease in garnet content of the mafic source, and the large drop in Sr/Y in the calc-alkaline component (due to restite plagioclase and/or fractional crystallization) controls the decreases in upper crustal Sr/Y with time (Condie, 2008) . Although changes in Eu/Eu* all lie within one standard deviation of mean values, there is a suggestion of a drop in this ratio at the end of the Archean, consistent with plagioclase fractionation. A decrease in Eu/Eu* also occurs in banded iron formations at the end of the Archean (Kato and others, 2006) , and probably reflects a combination of a decrease in the temperature of hydrothermal springs on the seafloor and a decrease in contamination of banded iron formation with continent-derived sediments.
These chemical changes appear to reflect chiefly a decrease in TTG magma production and a corresponding increase in calc-alkaline magma production at convergent plate margins after the end of the Archean. Furthermore, late Archean subduction zones may have differed from younger subduction zones in that they produced a thick mafic lower crust that served as a TTG magma source, and they did not give rise to significant volumes of calc-alkaline magma. Another viewpoint advocates that Archean TTGs are produced in oceanic crust by partial melting of descending slabs (Martin, 1993; Martin and Moyen, 2002) .
One way to thicken mafic crust in the late Archean is by plate jams in subduction zones caused by the greater buoyancy of oceanic plates produced during a late Archean global thermal event. Modern subduction zones became widespread in the early Paleoproterozoic as magma production shifted from thickened crust or descending slabs to mantle wedges, where the calc-alkaline suite is produced. Large-ion lithophile element enrichment in mantle wedges reflects some combination of devolatilization of descending slabs and their associated subducted sediments.
Increase in ␦ to the incorporation of source material for granitoids that have interacted with the hydrosphere, such as shales. The increase in ␦ 18 O after the end of the Archean may reflect the rapid growth and stabilization of cratons in the late Archean, which provided a framework for weathering and recycling of hydrated surface rocks into magma sources of granitoids after 2.5 Ga. Prior to the end of the Archean, felsic crust may have been rapidly recycled into the mantle, thus allowing only minimal interaction with the hydrosphere.
Increase in gold reserves.-Primary gold occurs dominantly in three tectonic settings: orogenic gold, volcanic-hosted massive sulfides (VHMS), and iron oxide copper-gold (IOCG) deposits. A major peak in orogenic and VHMS gold reserves occurs at or near 2.7 Ga (Groves and others, 2005) (fig. 9 , orogenic reserves only). As discussed by Goldfarb and others (2001) , orogenic gold deposits are produced by hydrothermal fluids, in response to high thermal fluxes at convergent plate margins. VHMS gold deposits are formed chiefly in submarine settings in back arc basins. In contrast to subduction-related gold, IOCG gold deposits are associated with continental rifts and alkaline granitoids. Interestingly, the largest known IOCG gold deposit is the Carajas deposit in Brazil formed at 2.6 Ga, just after the 2.7-Ga juvenile crust peak. Since orogenic and VHMS gold deposits are related directly to subduction and production of juvenile continental crust (Goldfarb and others, 2001; Groves and others, 2005) , it is not surprising to find major gold reserves at 2.7 Ga.
Thickening of the Archean lithosphere.-The 187 Re-187 Os isotopic system has proved valuable in dating episodes of magma extraction from the mantle (Walker and others, 1989; Pearson and others, 2002; Carlson and others, 2005) . The key feature of the Re-Os system is that Os is compatible in the residue during mantle melting, whereas Re is moderately incompatible. Hence, the residue left after melt extraction has lower Re, but greater Os concentration than either fertile mantle or mantle melts. The restitic lherzolite or harzburgite left in the mantle is useful in constraining the age of melt extraction, known as a Re depletion age (T RD ).
Re-Os depletion ages from mantle xenoliths coming from beneath Archean cratons suggest that much of the thick Archean mantle lithosphere formed in the late Archean (Irvine and others, 2001; Carlson and others, 2005) . The distribution of Archean T RD ages from mantle xenoliths shows a prominent peak at 2.7 Ga consistent with widespread thickening of the continental lithosphere at this time ( fig. 10) . Although most of the data come from the Kaapvaal craton in southern Africa (which formed between 3.5 and 2.7 Ga; Pearson and others, 1995) , many xenoliths from other Archean cratons also have T RD ages between 2.7 and 2.65 Ga. This suggests that the thickened lithospheric roots of cratons that formed before 2.7 Ga were produced chiefly by a mantle event around 2.7 Ga, such as underplating with mantle plumes.
Consistent with the thick Archean mantle lithosphere forming as a depleted plume underplate is the major element composition of mantle xenoliths coming from beneath cratons older than 2.7 Ga. Most are high in FeO and MgO, similar to the compositions of basalts derived from young depleted mantle plumes (Herzberg, 2004) . However, the jury is still out on the question of whether these sources are remnants of mantle plume heads accreted to the bottom of the lithosphere or if they formed by the tectonic stacking of subducted oceanic slabs, or some combination thereof (Wittig and others, 2008; Wyman and Kerrich, 2009; Arndt and others, 2009 ). Whatever the mechanism by which thick Archean lithosphere formed, most of it appears to have been produced over a short time interval of less than 100 My in the late Archean.
Another feature consistent with a thick root beneath Archean cratons is the absence of a seismic high-velocity layer in the lower crust of most Archean cratons. As suggested by Durrheim and Mooney (1991) , an underplate of thick mantle lithosphere may have prevented mafic additions to the base of overlying Archean crust. Because post-Archean crust is not protected by thick mantle lithosphere, mafic magmas may have continued to underplate this crust by either subduction or plume-related processes. discussion All of the above changes near the Archean/Proterozoic boundary seem to track one or both of two events that happened over a 50 to 300 My time window beginning just after 2.5 Ga. The first is the rapid cooling of the mantle. Second is the production and preservation of stable continental crust between 2.7 and 2.5 Ga, as a supercontinent or as one or more supercratons as suggested by Bleeker (2003) . A summary of the changes at the end of the Archean and their probable relationship to these two events is given in table 1.
Much has been written about the nature and cause of a probable global event in the late Archean (Stein and Hofmann, 1994; Condie, 1998; Bedard, 2006) . One model that has been widely discussed is a catastrophic global mantle plume event, which is triggered by collapse and sinking of oceanic slabs through the 660 km discontinuity ( Tackley, 1997; Condie, 1998) . This is based on the assumption that the 660-km phase transition has a large negative Clapeyron slope, and thus is a robust boundary in the hotter Archean mantle. However, recent experimental determinations of the Mgperovskite reaction show that it is only slightly negative and may not have slowed the rate of slab sinking into the lower mantle, even in a hotter Earth (Katsura and others, 2003; Fei and others, 2004) . Hence, the catastrophic sinking slab model is no longer as attractive as an explanation for the 2.7 Ga event.
Based on geodynamic modeling, O'Neill and others (2007) have suggested that plate tectonics did not begin all at once, but rather went through an intermediate state (the episodic regime) during which it turned on and off several times before becoming permanently established. As suggested by Condie and others (2009) , the last turn on may have been at about 2200 Ma, following a 200-My slow down between 2.4 and 2.2 Ga. The geologic record suggests that plate tectonics may have begun, at least locally, by about 3 Ga (Condie and Kroner, 2008) , but that the first really widespread plate tectonics developed in the late Archean at 2.7 to 2.5 Ga. Particularly relevant is a large drop in the ratio of non-arc to arc oceanic basalts from about 0.7 in the early Archean to less than 0.5 at 2.7 Ga (fig. 11) . Could widespread propagation of subduction at 2.7 Ga be responsible for the rapid growth of cratons in the late Archean followed by cooling of the mantle? Age (Ga) Orogenic Gold Reserves (Moz) Fig. 9 . Distribution of orogenic gold reserves by age. Modified after Groves and others, 2005. 2.7 Ga 1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3. (Pearson and others, 2002; Carlson and others, 2005) . Any model for the late Archean must also include an explanation for a possible crustal age gap at 2.4 to 2.2 Ga (Condie and others, 2009) . One possible scenario is shown in figure 12 . The simplest relationship is that the onset of widespread subduction at 2.7 Ga produces continental crust in numerous arcs, which rapidly collide to form large cratons and perhaps a supercontinent. The cratons survive for two reasons: 1) they are underplated with thick lithosphere either from mantle plumes or stacking of buoyantly subducted slabs, and 2) the growth rate of continental crust exceeds the recycling rate back into the mantle, possibly reflecting buoyant subduction or colliding oceanic plateaus that produce "log jams" in subduction zones.
Oceanic slabs sinking to the DЉ layer could destablize this layer by thickening it resulting in an enhanced production rate of mantle plumes (Davies, 1999) (fig. 12 ). This could increase the temperature of the upper mantle in the late Archean, in agreement with a recent model of Komiya (2007) . Enhanced plume production should produce more oceanic plateaus and these plateaus could form the nuclei of cratons (Bedard, 2006) or they could collide with arcs. In either case, they would contribute to rapid production of the early cratons. A widespread LIP (large igneous province) event at 2.45 Ga (Heaman, 1997) Age (Ma) Fig. 11 . Ratio of oceanic non-arc to arc type basalts versus age. Each labeled point is the number of greenstone locations. Data updated from Condie (2003 and 2005b) . NAB, non-arc basalt; AB, arc basalt.
slabs associated with the onset of widespread subduction at 2.7 to 2.5 Ga, which sank to the DЉ layer. The key requirement is that all of this must happen in a 200 My time window between 2.7 and 2.5 Ga (fig. 12) .
The arrival of cool, depleted slabs at the base of the mantle may also increase the heat flux from the core, which warms the newly arrived slabs (Korenaga, 2006) . The cooling of the deep mantle would begin after 2.5 Ga and continue until about 2.4 Ga when the plate tectonics slowdown is initiated ( fig. 12 ). This offers a possible explanation for the rapid drop in temperature of the mantle inferred from the changes in komatiite production rate and MgO levels and the increases in Nb/Yb in non-arc oceanic basalts. Also, supporting a cool lower mantle during this time window is a sparsity of LIPS between 2.4 and 2.2 Ga (Ernst and Buchan, 2001) . When plate tectonics comes back on track at about 2.2 Ga, the first supercratons (or supercontinent) formed at 2.7 Ga, break-up, and are then dispersed (Bleeker, 2003) . Also at this time, the temperature of plume sources is re-established along the normal mantle heating rate curve of the deep mantle ( fig. 12 ). We are currently testing a geodynamic model for this scenario, which will be published as a separate paper.
This model is not free from problems. One of the uncertainties is how fast depleted oceanic slabs sink into the deep mantle to cool plume sources. The enhanced subduction activity at 2.7 Ga would produce many sinking slabs, and if these slabs sink too fast, cooling of deep plume sources could start before 2.5 Ga. A related question is how to keep the plume sources cool for 200 My (2.4-2.2 Ga), when the rate of slab sinking would be greatly reduced as plate tectonics enters a global slowdown mode. Our preliminary modeling suggests that it may take this long for the slabs to equilibrate with the temperature in the deep mantle.
conclusions Important, well-documented geochemical changes in the crust-mantle system are found at the end of the Archean. Because of the lack of data between 2.4 and 2.2 Ga, it is not possible to estimate the rate at which the changes occurred. They may have taken place immediately after 2.5 Ga in a time period less than 100 My, or they may have extended over 100 to 300 My between 2.5 and 2.2 Ga. In either case, they may be related to one or both of two events: cooling of the deep mantle and formation of the first widespread cratons. The first major cratons (or supercratons) probably formed in the late Archean around 2.7 Ga, whereas cooling of the deep mantle began after 2.5 Ga. Both of these events could be related to a widespread onset of plate tectonics in the late Archean followed by a slowdown of plate tectonics between 2.4 and 2.2 Ga. Rapid formation of cratons at 2.7 Ga is probably tied to high production rates and relatively rapid collision of arcs, together with enhanced production rates and collision of oceanic plateaus and arcs. The cause of cooling of the deep mantle after 2.5 Ga, however, is problematical, but may be related to the arrival of large volumes of cool, depleted slabs in the lower mantle soon after the 2.7 to 2.5 Ga episode of widespread subduction.
